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SUMMARY

The influence of crystal plane on dry static friction has heen
determined between two single crystals of copper from the surface of
which all oxide had been removed. The coefficient of friction between
the (100) faces was greater than 100, and that between the (11l1) faces
was approxlimately 25. The difference between the coefficients for the
two seta of faces 1s attributed largely to the diggling-in and greater
area. of contact with the (100) faces. Exposure of the surfaces to air
lowered the coefficients for both sets of surfaces to about 1. The
strength of adhesion between two crystals placed in contact, as deter-
mined from the area of contact and the vertical pull required to
disengage the crystals, was roughly equal to the tensile strength of
bulk copper.

The Influence of the surrounding atmosphere on wear between two
dry polycrystalline copper surfaces has been determined by measuring
the time required for a copper sphere to wear through a film of copper
deposited on a cylindrical steel rotor. The atmospheres used were
hydrogen, and nitrogen contalning 0.2 percent of oxygen. In an atmos-
phere of hydrogen at 300° C the sphere wore through the copper film ’
in sbout 10 seconds, whereas in the nitrogen-oxygen mixture the sphere
had not worn through the fllm after 90 minutes.

An attempt was made to determine the effect which variation in
roughness with plane due to etching had on wear. The times required
for several faces of a copper crystal previously etched in stearic
acid at 185° C to wear through a lead film in mineral oil at room
temperature were measured. The (110) face, which becomes very rough
on etching in stearic acid, wore through the lead film in excess of
200 times faster than the (111) face, which remains very smooth.

The influence of atmosphere on wear through a lead film by a ]
polished copper sphere in mineral oil at room temperature was studied.
In an atmosphere of hydrogen the sphere wore through the film approxi-_
mately 200 times faster than in an atmosphere of air. :



. S T e e, el

The recrystallization of the surface aof a copper single crystal
upon quenching from a high temperature was shown to vary greatly with
plane. The metal in the (100) region recrystallized into many small
crystals to a great depth. A few experiments were carried out on the
influence of sunlight on the atmospheric tarnishing of copper crystals.

INTRODUCTION

In reference 1 siperiments were described which were concernmed with
the chemical actlon of oils and gases on isolated metal surfaces unaccam-
panied by mechanilcal friction and wear. These cxperiments showed in
general that the chemical properties of the individual crystals of a
nunber of metals varled with plane. They emphasized the fact that
measurements made on apparently bare metal swrfaces are generally made on
invisible filmo which greatly alter the results. It was eapecially shown
that invisible films of oxide, in the formation of which the rate varied
with plene, greatly affected both chemical and physical procesees.

In abtbtempbting to identify the factors which Increase or decrease
frictlon in lubrilcated systems where many materlals are present, the
behavior of a bare metal swrface freec of contaminating oxide films must
be used as a reference standerd. Once the behavior of a bare surface is
correctly wunderstood, the influence of other materiasls in the system may
be determined. In an attempt to obtaln & true measure of the behavior of
a bare surface, several simple types of friction and wear have been studiled
in the present investlgation on surfaces from which all traces of oxide
were removed.. The values obtalned for friction and wear were much higher
than those generally recorded for bare surfaces, this result indicating
that oxide films are responsible for a larger share of lubrication than
isa commonly belleved. When the oxlde film wasg removed, a variation in
dry statlic friction with plene was also detected. The present investiga-
tion includes etudles of some mechanical processes and a few studies of
combined mechanlical and chemical processes. Speclal emphasla has been
placed on the Influence of c¢rysial plane and surrounding atmosphers.

This work was conducted at the School of Chemistry, University of
Virginia, under the sponsorshlp and with the financial assistance of the
Natlional Advisory Committee for Aeronautics.
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DESCRIPTION OF EXPERIMENTS AND RESULTS

INFLUENCE OF CRYSTAL PLANE AND SURROUNDING ATMOSPHERE ON
DRY STATIC FRICTION BETWEEN TWO SINGLE CRYSTALS OF COPFER

Method of Experiment

The general method conslsted in determining the pull required to
move a single crystal sphere resting on the flat surface of ancther
crystal, both orystals being so oriented that the same two faces were in
contact. The dlrection of pull was parallel to thig face. A diagram of
the apparatus is shown in figure 1.

The two crystals were placed in contact along a common plene by the
following method: ZEXach crystal was held by two pointed. screws which
pressed tightly into the metal at two opposite (llO) poles. Since the
great circle equidistant from these two poles contains most of the
important planes (the (100), (311), (1l1), and (110)), two like faces
were brought in contact by revolv:.ng each sphere about its axis umtil the
desired face on the upper crystal wes located on the lower side of the
sphere end the flat face on the lower crystal wms located on the upper
side. Then by lowering the upper crystal onto the lower one the two
deslred faces were in contact.

The location of the various faces on the sphere was determined from
the oxldation pattern obitalned by heating the crystal in air for
10 minutes at 200°. Temperatures in the present paper are given in degrees
centigrade. Flat surfaces parallel to the {111) and (100) planes were cut
on the lower crystal by the following method: A (100) pols which appears
as a small cross in the oxidation pattern was located on the great circls.
With this position as a center, a circle, 10 millimeters in diameter, was
marked on the surface of the sphere with a pair of dividers. A plane sur-
face with the iInscribed circle as boundary was carefully ground on the
sphere by pressing 1t agalnst a metallographic grinding belt of medium-
grade emery paper. Another plane surface was similarly ground at a
(111) pole on the same great circle, the pole being located on the oxida-
tlon patbtern at the center of a small triangle. After these surfaces had
been mechanically and slectrolytically polished, their location was checked
by lightly scratching with a pin. The slip lines on the (100) face should
intgrgect each other at 90° and those on the (11l) intersect each other
at 60

The (100) and (111) pole positions on the upper crystal were located
on a great circle equidistant between two opposite (110) poles, and two
punch marks were made sbout 3 millimeters from and directly opposite each
pole position, one mark being on one side of the great circle and the other
on the other side. The upper sphere was rotated about its axis wntil the
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punch marks opposite the desired pole were directed dowmward, so that when
+this cryetal was lowered, it rested on the desired position.

The lower crystal containing the flat faces was supported by screws
held in the uprights of the base plate A, and the upper crystal wes sup-
ported by screws held in the yoke B. The base plate A was prevented from
moving forward by a copper wire attached to the uprights of the base plate
and slipped over a nicksl hook welded to a tungsten lead C which was sealed
into the end of the glass tubs. A copper cylinder D, with a groove in the
top, was placed on the end of the base plate to support the shaft of the
yoke B during evacustiom and before the crystals were placed in contact.

Purified hydrogen passed in through E and left through the ground-
glass Joint F held in a rubber stopper which fitted tightly iInto the open
end of the glass apparetus. A small cork with a hole in 1t, Just large
enough forr the shaft of the yoke B to pass through, was Inserted into the
end of this glass Joint. A clearance of about 1/2 millimeter between the
shaft and the hole in the cork was obtalned. During the tests the gas
passed out through this annular space, and the shaft of the yoke dld not
touch the walls of the cark. Prior to passing hydrogen through the
epparatus 1t was evecuated by attaching to F the other half of the ground-
glass Joint, which was connected to a Hyvac pump. The glass apparatus con-
sigted of a tube about 5 centimeters in dlameter and 35 centimeters in
length and enlarged at one end as shown.

The hydrogen uzed was tank hydrogen purified by passage over copper
wire heated to 450°, Dehydrite, and Ascarite. All parts of the apparatus
were handled with soft tissue paper. The base plate A and cylinder D were
put into the apparatus by means of long brass tongse The ground-glass
Joint F was sparsely lubricated with silicone grease. The apparatus was
heated by a portable resistance furnace slipped over the end. }

A uniform procedure was adopted. The base plate A containing the
lower crystal was placed in the apperatus and attached to the nickel hook
to prevent movement during the messurement. The copper cylinder D was
put in position on the base plate. The yoke B containing the upper crystal
was placed in the vessel and the shaft was allowed to rest in the groove
in the top of the cylinder. The other end of the shaft was slipped through
the small opening in the cork within the ground-glass Joint F as the rubber
stopper wae forced tightly into the end of the glass apparatus. The out-
slde half of the ground-glass Joint was attached to F and the system was
evacuated for 15 minutes. Hydrogen was then allowed to sweep through the
gystem, the pump wae cut off, the pressure raised to atmospheric, and the
outside half of the ground Jolnt removed. The rate of flow of hydrogen
was maintained at 6 cubic feet per hour.

The important step of placing the top crystal onto the boltam onse,
while at the same time preventing 1t from rolling sideways after it was In
place, was accomplished by the mechanism shown in figure 1. G conelsted
of a horizontal shaft, 1/4 inch in dlameter, with a small circular disk,
3/4 inch in diemeter, attached to one end of the shaft. The crank arm E,

it
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a flat strip of brass 1/4 by 1/16 by 6 inches long, was attached to a small
pin looated l/h inch off center 1in the circular disk. A short section of
circular shaft T was connected to the vertical crank arm H so that the
short section could be revolved in a vertical plene aboubt the pln connect-
ing it to the crank arm but could not be moved sideways or turned about its
own axis. On the end of the shaft I was & small sleeve with set screws
near each end for clemping I rigldly to the shaft of yoke B. The top
sphere was placed on the bottom one by the following procedure. With the
shaft of the yoke resting in the groove of the copper cylinder and the ycke
in a horizontal position, the shaft was connected rigidly to the small
sleeve by means of a set screw. The circular disk G with its shaft

was moved forward toward the maln apparatus with the yoke B remalning in
position, until the crank arm H had revolved about the pin in G in a _
counterclockwise direction by an angle of about 25° The disk G with 1lts
shaft was next moved directly downward until first, the shaft of the yoke
rested on the cork in the ground-glass Joint F and second, the yoke holding
the crystal was raised 3/h inch above the copper cylinder on which it had
been resting. The crank arm H was then revolved about the pin in G until
H was in a vertical position. This should bring the top crystal directly
above the center of the flat face on the bottom ocrystal. By turning G
gbout ite shaft the arm H was slowly raised upward until the crystal rested
on the lower one and the shaft of the yoke took up its position in the center
of the small hole in the cork in the glass Joint F.

The furnace was placed over the end of the apparatus within about
6 inches of the rubber stopper, and the apparatus was heated for about
30 minutes until the temperature within the furnace as measured by a ther-
mometer reached 500° to 520°. It was held at this temperature for 15 min-
utes and the heat was then cut off. With the furnace left in place the
temperature dropped to about 300° in 25 minutes and the furnace was removed.
After about 30 minutes the apparatus had cooled to room temperature. A
balance pan which could be loaded with mercury at a constant rate was con-
nected to the bottom of the crank arm H by means of a small steel wire.
Mercury was run into a beaker on the balence pan at the rate of 200 grams
per minute. A platform was placed about 1/2 inch below the pan to stop
the motion of the upper crystal after it had moved across the flat swrface
of the lower one.

The crystals were mechanically polished with number 1 emery paper
until all traces of scratches from the preceding run were removed. They
were then polished with papers numbers 0 to 0000 and finally electrolytdcally
- polished in phosphoric acld solution. Care was taken that all strained
layers were removed by lowering the current density and noting the sharpress
of the etch pattern formed.. In order to obtaln a smooth surface on the
flat faces of the lower crystal 1t was necessary after the first electrolytic
polishing to polish agein mechanically on papers numbers 000 and 0000 and
to polish electrolytically for an additicnal 10 to 15 minutes. The crystals
were always polished immedliately before & run end placed directly into the
apparatus. In order to prevent digging-in of the top sphere into the flat
surface, the bottom crystal was set so that the flat swrface had a forward
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angle of-2° to 3° downward from the horizontal. A small shaft, 3/16 inch
in dlameter by 1/2 inch in length (not showm in fig. 1), extends from the
side of each crystal to serve as a handle in the preparation of the
cryatal. The locatlon of the shaft on the sphere varled with each crystal,
but in merklng the desired faces on the sphere the great circle was so
selected that the shaft would not interfere with the yoke or vertical
supports. : - - . T A

The apparatus used for meesurement of the vertlcal force required to
separate two crystals placed in contact was similar to that used for
measuremeni; of statlc friction except that 1t wes arranged vertically
instead of horizontally. The base A consisted of a steel cylinder which
reosted on & amall glass ring B. The purpose of this ring wes to prevent
differences in expansion of the steel and glass fram cracking the wall of
the glags vessel. The base A was held 1n place by a emall plece of plano
wire hooked over a bend In a nickel rod welded to the tungsten lead C in
the bottom of the vessel. The lower half of the epparatus wee heated to
5000 in the course of 35 minubtes, held at this temperature for 15 minutes,
and. allowed to cool to 300° in 25 minutes with the furnace in place. The
furnace was then removed and the apparatus cooled to room temperature in
gbout 35 minutes by blowing a stream of air agasinst the wells of the
vessel. The weight of the top crystal and supporting mechanism was
75 grams, end in recording the force required to separate the crystals this
was subtracted from the total welght of mercury involved. The srea of —
contact between the crystals was estimated by examination of the disrupted
regions under the microscope. Reglons which had adhered in general appeared )
rough and granular. i : ) _Is

Results

The apparatus used in this series of experiments was constructed for
the purpose of measuring coefficients of frictlon ranging fram about 10 up
to a limiting value of 100. Only the order of magnitude of coefficients
lJegs than 10 could be determined. . o

Static friction between crystals in an atmosphere of alr at rcom
temperature.- For purposes of comparlson with oxide-free surfaces, it wes

deslired to obtain an avvroximate measure of the coefficlents of surfaces
acted on by the oxygen in the air. After slectrolytic polishing, washing,
and drying, the crystals were clamped in their holders and immediately
placed in contact in the apparatus. In all messurements made in air the
coefficlents were approximately 1. It was not possible with this apparatus
to determine differences between coefficlents 1n air for palirs of

(100) faces and pairs of (11l1l) faces.

HM

Static friction between crystals placed in contact-after heating in
hydrogen.- At first it was attempted to measure the friction between
crystals which were placed in contact after heating ih hydrogen. The
results were not accurately reproducible but definitely fell within certain

- ¢ Ak oo
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ranges for each set of faces. The crystals were polished, placed in the
apparatus, heated In hydrogen, and cooled In hydrogen to room temperature
before belng placed in contact. The coefficients for the (111) faces
ranged from 10 to 20 and for the (lOO) faces from 62 up to 100, the limit
of the apparatus. Slip lines were visible on hoth the upper a.nd. lower
gurfaces in both instances, but they were always much more promlnent on
the (100) faces than on the (111) faces. Pairs of (111l) faces had only
a slight tendency to 4lg into each other, and the upper crystal slid
gmoothly over the lower one. Palrs of (lOO) faces had s declded tendency
to dig in, which removed sizeable chunks from the lower crystal. Pits

as deep as 0.20 mlllimeter were observed, and the sldes of the pits
showed regular facets which could not be definitely ldentified but which
were probably parallel to (111) plines. When an attempt was made, by
twisting and pulling the connecting rod, to separate the two crystals
placed in contact by this method, the result was gimilar to that obtalned
when two adhesive materials are being dlisengaged. The top crystal could
be rolled over, but it still remained attached to the lower one wherever
it touched.

Static friction between crystals placed in contact before heating
in hydrogen.- The most consistently reproducivle results on the influence
of crystal plane on static frictlion between oxlde-free surfaces were
obtalned when the crystals were placed together before being heated in
hydrogen. Most of the time employed in thls series of experiments with
gtatic friction was devoted to lmproving and using this method of
measurement. A large number of preliminary experiments, about 40, was
conducted. These showed that the general trend of friction between pairs
of (111) faces was much lower then that between pairs of (100) faces, but
en occaslonal result was obtained which wae completely out of line. How-
ever, with great care In settling the crystals so that there was no
apprecilable downward component in the pull on the upper crystal, satis-
factorily reproducible results for this type of measurement were obtalned.
The values obtained in the final geries of 10 consecutive ex;periments are
given 1n table I. '
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TABLE I

CRYSTALS HEATED IN CONTACT IN HYDROGEN

Pairg of (100) faces sliding in a (100) direction.
Pairs of (111) faces sllding in = (211) direction.
Slight angle between orystal plane and élrection

~of pull,]

Crystals (g) Coefficient of friction
(100)~(100) Over LOOO Over 100
(100)~(100) Over LOOO Over 100
(100)~{100) Over LOOO Over 100
(100)~(100) Over LOOC Over 100
(100)~(100) . Over LOOO Over 100

Aversage Over 4000 Over 100
(111)-(111) 980 2k.5
(111)-~(111) Moved to edge at 950; 23.7(at 950 g)

slipped off at 1380
(111)--(121) 1010 25.2
gl_ll)--(lll) 960 24,0
112.)--(112) 750 18.8

Average 930 23.2

The final pull required to separate the two crystals when (100) faces
were in cocntact could not be determined since the epparatus was limited to
a pull of 4000 grams. During the loading operation in the case of
(100) faces, the topcrystal moved about—0.5 millimeter over the flat
gurface in & series of very short Jerks and cuta deep furrow in the
lower surface. The crystals in this case could only be separated with
difficulty. This was accomplished by loosening the sleeve at the end
of shaft I ia figure 1 and simultaneously rocking and pulling the shaft
until the upper crystal was disengaged. This so disturbed the lower
surface that the amount of information obtuined from a microscopic
examination of the point of contact was limited. When the regions
adjacent to the point—of-contact were examined, very prominent slip
lines were always visible on both the upper and lower crystals. Three
shallow depressions eppearing as leaves of—e three-leaf clover radiatsd
from the center of the point of contact on the lower crystal. One was -
located to the right, ome to the left, and one in front—in the direction
of pull: S

In two cases after a load of 4000 grams failled to separate two
(100) faces, the load was removed and the crystals were allowed to stand in
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air overnight for 16 hours. When the load was agaln applied, the crystals
vere separated in one instance at 1170 grams (coefficlent of friction, 29)
and in the other instance at 2210 grams (coefficient, 55). In another case
in an atmosphere of hydrogen the L4000-gram load wes removed and then ilmmedi-
ately applied again. The crysgtals dld not separate. When the crystals wers
separated by pulling after standing in air overnight, it could be seen

under the microscope that deep chunks had been removed from the initial

part of the scratch on the lower crystal and several smaller chunke had

been removed farther along the scratch. The sides of the pits formed
appeared to be stepwise facets, but the exact planes could not be identified.

In the case of the (11l) faces well-defined slip lines were visible
under the microscope, but they were in no way as promihent as In the case
of the (100) faces. In comparison with pairs of (100) faces there was very
little tendency to dig in. With (111) faces the scratch on the lower
crystal was generally continuous at the beglnning but toward the end con-
gisted of & number of parallel tracks, each one composed of a multitude of
small, regularly spaced indentations or points of contact, typical of
stick-glip motion.

A few measwurements were made with polycrystalline spheres, and values
intermediate between the high values for (100) faces and the low values for
(111) faces were obtained.

Crystals 181:)Ll Coefflcient of friction
Polycryetalline 1430 35.7
Polycrystalline 1690 2.2
Polycrystalline 22h0 56.0
Polycrystalline 1790 Ll 7
Polycrystalline 1960 ’ 49.0

Slip lines were vlisible only on grains in the immediate vicinlty of the
edge of the scratch. The lines ended abruptly at the grain boundary where
they intersected a grain of different arlentation. On the lower sphere
the track waes continuous, and the tendency to dig in appeared to be
intermediate to that with pairs of (100) and pairs of (111) faces. Within
a small grain 1t was often obgerved that tiny chunks had been removed fram
the surface and small stepwlse facets could be seen in the groove.

The following two sets of experiments were performed 1ln order to
determine the influsnce of oxidation on the adhesion between crystals.

Static ction between crystals oxidiz in aixr after being heated
in contact in hydrogen.~ The crystals were heated in contact to 500° to
520° in hydrogen and held at thie temperature for 15 minutes. After
cooling to 300° the hydrogen was replaced by alr and the system was cooled
to room temperature over a period of 30 minutes. The following results
Wore obtained:
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Pull
Crystals (g) Coefficlent of friction
(lOO)-(lOO) 510 2.7
(111)—(111) 50 11.2

Static friction between crystals reduced with hydrogen after being

oxidized in air at 250°.- The crystals were oxidized in air at 250°
until the oxide thickness on the face under consideration, as Judged by
the interference color, was about 1000 A. The crystals were cooled to
room temperature, placed in contact, and then heated in hydrogen

at 500°. The following results were obtained:

i
Crystals f:% CoefTicloent of friction
(1.00)~(100) Over 4000 Over 100
{(111)—-(211) 810 20
Statlc frictlon between crystels heated in hydrosen with a pogitive
gngle of 25° to 30° between crystal plene and divection of pull.— In

order to remove any possibllity of digging-in dus to a downward component
of the pull acting normally to the surface, the lower crystal was inclined
in 1te support so that the flat face mede a forward angle of 25° to 30°
downward from the directlion of pull, The crystals were placed in contact,
heated iIn hydrogen, and cooled in hydrogen to room temperature. Varilous
combinations of crystal faces were used. The following results were
obtalned.:

Crystals ?g{l Coefficient of friction
(100)—(100) 1020 25.5
(100)—(100) 1220 30.5
(111)—-(111) 500 12.5
(111)=(100) 910 22.7
(r10C)~(111) 480 12,0

In ordsr to aid in the Interpretation of the results obtainsd for
static friction, a few experiments wero carrled out to determine the
general order of magnitude of the vertical force required to separate
crystals placed in contact under various conditions, In using these
measursments to interpret the results for static frictlon, allowance
should be mede for the fact that the total weight pressing the crystals
together in these experiments was 75 grams, whereas the effective welght
in the friction experiments was 4O grams.

: Yextlcal force regulred to goparate two orys Mﬂm
in gir.— The crystals were electrolytically polished, washed in water,

dried in alr, and immediately pleced 1n contect in the =pperatus shown
in figure 2., As would be expected,there was no detectable adherence
either between (100) faces or (111) faces.



NACA TN No., 1461 11

-— In. ord.er to remove the imrisi'ble films
of oxide, the crystals were heated apart in hydrogen at 500° to 520° for
- 15 minutes., The crystals were placed in contact after cooling to the

deslred temperature and the vertical force requlred.to separste them
was determined st room temperature. The following results were obtained
when the crystals were placed in contact at room temperature:

after b “heste

11 Egtimated
Crystals () area of contact
(sq mm)
(100)—(100) 100 Approximately 0.003
(111)—(111) 120 Approximately 0.003

The following results were obtalned when the crystale were placed in
contact at 300° and the measurement was made at room temperature:

. Pull Calculeted Calculated
Crystals (&) area of contact strength
(sq mm) (1b/sq in.)
(1.00)=(100) 350 0.010 48,800
(111)—(111) 360 011 15,200

Slip lines were obgerved when the crystals were placed In contect at

both 300° and room temperature.

The lines were more intense in the
former case, .

b 1 2 y g 8
were made ei‘ter 'bhe aystem ha.d cooled to room temperature,.
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12
Pull Estimated Calculated
Crystals (a) aree. of contect strength
_ & (sq mm) (1b/sq in.)
(100)=(100) 1550 0.046 47,500
(L00}—(100) 1910 .054 50,000
100)—(100) 1240 .032 5k, 700
1.00)~(100) 1300 —-———— ————
1.00)-{100) 1120 - —— -
1.00)~(100) 1780 0l9 51,500
Average 1480 50,400
(111)—(111) 1450 .0L5 47,000
(111)=(111) 1200 .036 48,300
(111)=(111) 1500 —_——— - ——
(111)=(111) 1600 _——— - ——
(111)=~(111) 1060 .031 48,000
Average 1370 48,000

In experiments with (100) faces, slip lines which intersected each

other at g0° couléd be seen under the microscope adjecent to the point of
contact, and with (111) faces, lines intersecting each other at 60° could

be seen, The lines were more striking in these experiments when the crystals
were healed in contact in hydrogen at 500° than in those when they were
placed in contact at 300° or room temperature. In several cases the dis—
rupted material at the points of contact on the (100) faces showed stepwise
facets similar to those observed in friction measurements on the (100) faces.,

The crysta.ls were electrolytica_lly polish.ed washed. in water, d.ried in

alr, and Immedletely placed in contect in the apparatus. It can be sssumed
that an invisible film of oxide formed on the crystal during this time.

The crystals were heated at 500° to 5200 for 15 minutes in an atmosphere

of nltrogen from which oxygen had been removed by passing over hot copper.
The apperatus waes then cooled to room tempersture esnd the following
meesurements made:

Estimated Calculated
Crystals ?“';'l ares of contact strength
g (sq mm) (1b/eq in.)
(100)=(100) 520 0,017 41,800
(111)=(111) 580 .018 42,000
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The crystals were heated in air at 200° until oxide films of a
thickness of approximately 500 A had formed on the faces concerned.
They were placed in contact in the apparatus and no adhesion between
the crystals was cobtained. They were then heated in contact in
nitrogen at 500° to 520° for 15 minutes , cooled to room temperature,
and the following measurements made. During the heating in nitrogen
mich of the color due to the oxide £ilm disappeared and the surface
becams roughened.

Pull Egtimated
Crystals (g) area of contact
(100)~{(100) 190 Not continuous
(111)—~(111) 220 Not continuous

In order to determine the influence of heat alone on thin oxide films,
a crystael which had been treated In air to form a striking color pattern
was heated in a vecwm at about 10~ millimeter of mercury for 30 minutes.
The interference color patterm was converted to a pattern of rough and
smooth regions, A faint reddlsh deposlt could be meen on the walls of the
vessel; this Indicated that eveporation of the oxide had taken place, How—
ever, 1t 1s not belleved that evaporation took place in nitrogen st atmos—
pheric pressure, but that the loss of oxide in thie case was due to slight
solution in the copper.

INFIUENCE OF SURROUNDING ATMOSPHERE ON WEAR
BETWEEN TWO DRY POLYCRYSTALLINE SURFACES
Method. of Experiment

The essentiel parts of the apparatus used in these studies are shown
in figure 3, The cylindricel steel rotor A, 1 inch in diemeter and 1 inch
in length, was fitted tightly by means of an arbor press onto steel shaft B,
1/2 inch in dlameter and 15 inches in length, The upper end of the sheft B
wag held in the chuck of a drill press C and the speed of the press was
controlled by verying a resistance in seriles with the armature windings
of a direct-current motor, The copper sphere D was held in the stesl
yoke E by two met screws. The sphere was pressed against the rotor
with a known force by means of a special T-bslance. The yoke E was

permenently screwed Intoa -&—:mch steel rod F which passed out of the

glass vessel through the brass sleeve G. The cross exm H was silver—sgoldered
to the bresa sleeve G, and welghts were applied to a balance pen at J.
Counterweights were applied to the other end of the cross arm to compensate
for the weight of the balance. The side arm X, at a right angle to the
plane of the paper enc shown as a circle on the diegram, fitted through an
accurately machlined. bress bearing so that the whole system DEFGH rotated
gbout an axis at a right engle to the plane of the paper. The rotor and
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crystal were enclosed in a glass vessel heving two larpge necks L, a gas
inlet tube M, and s glass outlet tube N. The two rubber stoppers st the
top of the necks L were made of neoprene. A gas-tight seal waes maintained
around the revolving shaft B by means of a rubbter tubte vhich flitlted over _
the shaft and the brass sleeve as shown in the dlagram. The beering sur-
face between the shaft and rubber tube was lightly lubriceted with Dow
Corning silicone stopcock greass. The rod F pessed through a brasse sleeve
in the rubber stopper, and the Joint was made wvacuum tight by alippling a
piece of rubter tubing over the brass sleeve 2nd a large steel ring silver-
soldered to the rod F. There was sufficient clearance within the brass
gleeve for the rod F to move back and forth so that the sphere could be
brought into contact with the rotor or moved ebout 1l centimeter away from
it without contzct between the rod F and the brass sleeve.

During the course of a series of experimente it was necesssry to changs
the beering surface of the copper sphere without exposing the system to the

air. This procedure was accomplished by means of the f%-inch-diameter

steel wire P, which was attached to the shaft of the copper sphere D and
pagsed through the rubber stopper at the top of the gless neck L. By
railsing or lowering the wire a new position on the sphere could be obtained.
The wire was lubriceted with sillicone grease at the point where it passed
through the stopper. The &bility of all the Jjoints to malntain & vacuum
was shown by the fact that when the system was completely evacuated with a
Hyvac pump &nd the pump was shut off from the system, a pressurs of less
than 1 millimeter of mercury wes maintained for over 15 minutes. All
rubber tubing wes heated in boiling 15-percent potassium hydroxide

golutione.

The glass apparatus up to about 6 inches below the rubber stoppers
vas heated by a resistance furnace, the front of which contained two
ports, one for observation and another for a spotilight. The interior
walls of the furnace were coated with asbestos sheet, and a 100-watt
projection lamp was mounted over a Pyrex glass window in the roof of the
furnace. The lemp was arranged so that the light was reflected off the
vhite walls to glve diffuse illumination. The temperature was measured
with a nitrogen-filled mercury thermometer. The chuck of the drill press
and the upper ends of the gless necks I were cooled with rapid stresms of
air. :

Commercial tank hydrogen was purifed by passage over copper wire heated
to h50°, calciwm chloride, Dehydrite, and Ascarite. The nitrogen-oxygen
mixtures were prepared from water-pumped tank nitrogen and tank oxygen and
were stored over water in glass vessels. The mixture was purified by
paggage over calciim chloride, Dehydrite, and Ascarite.

The copper spheres used in the experiments were polycrystalline and
were mechanically and electrolytically polished in a menner similar to -
that used for the single crystals. The steel rotor was copper plated and
surfaced down to the desired thickness in the followlng manner. The rotar
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was mechanicelly polished with number 000 metallographic emery paper and
the diameter was measured at nine separate points with a micrometer.
After thoroughly degreaesing ih alcohol, ether, and water, a preliminary
copper strike was made from a bath having the composition, 22 grams

of cuprous cyanide, 38 grams of sodium cyaenide, and 15 grams of sodium
ca.r'bona:be per liter of solution. The copper was plated at & temperature
of 1!-5 to 48° at a current density of 0.3 to 1.5 amperes per square _
decimeter for 10 to 20 minutes. The rotor was washed free of solvent
and given a heavier plate from an acid sulphate bath contalning

202.5 grems of hydrated copper sulphate and 48.8 grems of sulphuric acid
per liter of solution. The bath was operated at 45° to 48° at a current
density of 2 to 4 amperes per square decimeter for 1 to 3 hours, the
conditions depending on the desired thickness. The rotor was 'bhen
mechanically polished with metallographic emery papers numbers 1l to 0000
snd electrolytically polished until the final desired thickness and
surface finish were obtained.

The general procedure Iin meking an experiment was as follows. The
crystal and rotor were amnealsd in hydrogen at 400° for about an hour
and the system was then cooled to the temperature at whlch the run was
to be made. Between runs the drill-press chuck was moved up or down to
change the position of contact at which the sphere pressed against the
rotor, and the point of contact on the sphere was changed by pulling or
pushing on the wire P. Thus new surfaces could be rapidly obtalned
without interrupting the experiment or in any way opening up the system
to the air. Wear was measured by noting the time necessary for the
first appearance of the steel on the rotor and the rate at which the
steel surface increased. A crude estimation of friction could be
obtained by noting the deflection of the steel rod F holding the sphere.

Results

The apperatus was heated for an hour at 420° in an atmosphere of
hydrogen to insure complete reduction of any oxlde. The temperature
was then lowered to the desired point. and the experiments were carried
out in hydrogen or a mixture of nitrogen and oxygen. Although this
section has been placed in the present order in this report for purposes
of proper sequence in presentation, these experiments were the last to
be cond.ucted. and 1t has been possible to complete only experimsnts h
at 300°. The values of reported thrust are the forces pressing the two
surfaces together.

In an atmosphere of hydrogen.- When a thrust of 200 grams was
applied, the sphere flrmly adhered to the rotor. When the rotor was
slowly turned by hand, the sphere was carried along with the rotor and
the shaft was bent to an extent which was later found to require a force
in excess of -3000 grams. In order to break the weld it was necessary to
pull perpendicularly to the surface. A chunk of ¢opper, the slze of the
area of contact, was found adhering to the sphere. The chunk was firmly
welded and it could not be scraped off along the original line of
contact.
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Similar welding occwrred with thrusis as low as 30 grams, but below 30 grams
the weld was usually broken by the restoring force of the steel shaft. With
thrusts as low as 1/2 gram welding and subseguent tearing of the rotar sur-

face occurred.

A thrust of 1/2 gram was applied, the rotor turned several times, and
badly torn surfeces were produced on both the sphere and the rotor. The
load was removed and the balance so adjusted that the sphere cleared the
surface of the rotor by a small smount. As the rotor was turned, some of
the projections from the torn surfaces touched and adhered so that the
gphere was carried around with the rotor for a short distance before dis-
engaging. Initial roughness in thls experiment was not a factor in elther
friction or wear as the electrolytlcally polished surfaces were very
smooth. Because of welding and tearing, however, the surfaces rapidly
became roughened. The particles of copper removed from the one surface

and welded to the other were sometimes % millimeter high, and as the rotor
continued to turn the roughness of the surface was Increased.

By ulilizing a copper thickness on -the rotor of 0.0015 inch, a rotor
speed of 80 rpm, and a thrust of 2 grams, it reguired 1 minute and 50 sec-
onds for the first bilt of steel to appear and 35 minutes to expose
0+031 square Inch of steels With a thrust of 15 grems in one instance it

required 5 seconds to expose the first signs of steel and 6% minntes to

expose 0,052 squere inch. In another instance 1t required 10 seconds to
expose steel and 4 minutes to expose 0.009 square inch of steel. It was
impossible to make quantitative rumns at higher thrusts because of the severe
selzing already discussed. At the completion of a run the steel was exposed
in large sreas rather then in a continuous wear streak. Throughout any run
the sphere continually adhered to the rotor and bent the shaft considerably
before the weld wae broken. Severe Jolting and vibration of the entirs
apparatus was the outstanding characteristic of all runs mede In hydrogen.

In an stmosphere of 500 parts of nitro 1 of o
After several runs had been performed in an atmosphere of hydrogen, the
hydrogen was evacuated and a mixture of 500 parts of nitrogen and 1 part
of oxygen was admitted and continuously passed through the system during
the run. The sphere and rotor slowly oxidlized throughout the experiment
with the dovelopment of oxidation colors.

With thruste below 150 grams no galling or adhesion was observed and
the sphere rode along smoothly without any vibration of the shaft. The
surfaces mated with the development of only a very slight roughness. With
a thrust of 150 grams there was intermittent light sticking between the
sphere and rotor but no noticeable increase in roughness. The presence of
the oxide color films and a difference in the extent of oxidation of the
wear streak and the remainder of the rotor mede 1t difficult to distinguish
the first appearance of steel. The following procedure was adopted to
determine accurately when wear-through had occurred. A serles of separate
runs on different portions of the sphere and rotor wes made for successively
increasing times. At the completion of the experimentsg, 1l:l nitric acid
was placed in the wear streaks and at once washed off. The acid removed

‘w IR

i
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the oxide and a negligible amount of copper, and the difference in color
between the steel and copper was very apparent. By utilizing this technigue
it was found that for a copper thickness of 0.0015 inch, a rotor speed of

€0 rym, and a thrust of 15 grams, the wear~-through occurred. between 90 and
190 minutes, and after 190 minutes only 0.006 square inch of steel was
exposed. The sharp contrast between the rates of wear in hydrogen and the
dilute oxygen mixture is strikingly brought out when the values of 5 seconds
and over 90 minutes are compared.

INFLUENCE OF CRYSTAL PIANE ON WEAR THROUGH A FIIM OF LEAD
BY A COPFER CRYSTAL ROUGHENED BY ETCHING IN STEARIC ACID
Method of Experiment

An apparatus was constructed which was capable of measuring the rates
of wear between a single crystal gphere of a hard metal and the plated
surface of a soft metal under controlied conditions of thrust, speed, tem-
perature, and liquid. A diagrem of the apparatus is shown in figure k.

The cylindrical lead-plated copper rotor A, l%— inches in diameter and 1 inch

in length, was fitted tightly by means of an arbor press onto an accurately
alined siteel snaft B, 1/2 inch in diameter by 7 inches in length. During
an experiment the shaft B was held in the chuck of drill press C end the
speed. was controllied by driving the press with a direct-current motor con-
talining a variable resistance In series with the armatuwre windings. The
single crystal sphere D was held in the steel yoke E and pressed against
the revolving rotor A with a knowan force. The application of the known
Torce was achieved by havling the yoke serve as the stem of a T-shaped
balance, the fulcrum of which was at the cross of the T. Weights were
added to a balance pan ¥, which was connected to one end of the cross arm H
by means of a spring G, and the thrust at the points of contact was
calculated. The other end of the cross erm H was loaded with a counter-
welght J in crder to balance the welghts of the balance pan F and the
spring G In practice 1t was found that at low loads the balancé was
sensitive to weight changes of about 0.1 gram. The system of yoke E and
rotor A was immersed in oil contained in a 600-milliliter beaker.

Relative rates of wear were determined as follows: The copper rotor
was plated with lead, the copper crystal was pressed agalnst the revolving
rotor with a known thrust, and the wear streak was Investigated with a
magnifying lens or a microscope with a magnification of 60 situated outside
the containing vessel. The first signs of the copper basis metal on the
rotor were observed and the incresse in area of exposed copper with time was
estimated with the ald of a copper ruler placed in the solution alonqside
the rotor.

The lead plating solutlion was vrepared from commsrcial Harshaw lead
fluoborate plating solution, concentration-56 Baume and specification-loé
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The actual bath used contained 239 milliliters of the commercial lead
plating solution, 761 milliliters of water and 0.38 gram of LePage's liquid
glue. The rotor wams prepared for plating by polishing with metallographic
emery paper number 0000 and degreasing the surface with alcohol, ether,

and water. The plating cell was a cylindrical glass dlsh and a cylindrical
lead anode, 2 inches removed from the sides of the rotor. The bath was
operated at 2 smperes per square decimeter and a potential of approximately
0«5 volt for 10 minutes. The estimated thickness of the coet was approxi-
mately 0.0005 inch. In any one series of rune the thickness was comstant
gince the same plate was used for many measurements by simply raising or
lowering the height of the chuck of the drilll press. The plating conditions
were always the same so that dilrect comparisons between runs could be made.
A miform rate of revolution of 77 rpm was used in all experiments. This
rate corresponds to a linesr velocity of 362 inches per minute.

Because of its simplicity the apparatus shown in filgure U was very
satisfactory for initial exploratory experiments to determine the most
satigfactory condlitions of plating thickness, speed of revolution, and
thrust. However, 1t was found that the apparatus shown In figure 5 and
described under IINFLUENCE C(F SURROUKDING ATMOSPEERE ON WEAR TRROUGH A FILM
OF LEAD BY A COPPER SFHERE was much more satisfactory for all experiments,
especially those conducted with thrusts of about 2000 grems. Both types
of epparatus gave similsr resulis.

Results

It has been shown in NACA TN No. 982 that different planes of & copper ~
single crystal are roughened to different extents upon etching in stearic
acid and alr at 200°. As a preliminary step to studying the effect of
crystal plane umder conditions of simmlteneous etching and wearing action,
it was declded to determine first the effect of crystal plane under wear
conditions in an inert medium after previous etching in stearic acid. A
conver gingle crystal was mechanically and electrolytically polished and
etched in stearic acid and alr at 185° faor 10 hours by alternately
ralising the crystal above the level of thé liquid and lowering it below
the surface at a rate of 15 timee per minute. At the end of this time the
crystal exhibited excellent preferential rouchening of the surface. The
{110) regions were very rough and consisted of a series of ridges which
resembled the surface of a file, whereas the (11l) regions were almost as
bright and smooth as the original electropollshed surface. Several
crystals prepared in en identical mammer were used in the experiments and
all gave similar results. .

During the course of determining the most sultable thickness of
electrodepoalted lesd and the proper apeed of the robtor, many qualitative
experiments were conducted. In all experiments the rough (110) face wore
through to the copper basis metal at & much greater rate than the smooth
(111) face. Only a few conditions were used for quantitative measurements.
These resulis were checked several times and are given in table II.
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TABLE IT

EFFECT OF CRYSTAL PLANE OF A COPPER CRYSTAL FREVIOUSLY ETCHED
IN STEARIC ACID AND ATR AT 185° ON RATE OF WEAR THROUGH A

LAYER OF ETECTRODEPOSITED IEAD IN MINERAL OIL IN AIR

Time necessary for first signs
of copper to appear
(min)
Thrust
(g) {111) face (110)face
(smooth) (rough)
200 3600 15 to 20
Loo 180 to 240 datale
2000 20 to 35 1+to 3

The rate at which the copper basis metal was exposed is showm 1in
figure 6 for a thrust of 2000 gramse.

The lead wearing surface iumder a thrust of 200 to 2000 grams rapidly
became discolored and passed through the colors red, blue, purple, and
gray when the smooth (111) face was bearing ageinst i1t. A continual cloud
of tiny black particles poured from the wear streak and the mineral oil
soon became quite murky. In the case of the (110) face at high loads
the copper wore through the lead so rapidly that no signs of discoloration
were visible on the lead. However with thrusts of about 100 to 200 grams
a similar tarnishing of the lead wearing swrface was noted.

INFLUENCE OF SURROUNDING ATMOSFHERE ON WEAR THROUGH
A FIIM OF LEAD BY A COPPER SPHERE

Methcd of Experiment

A dlagrem of the apparatus used for measuring wear in a controlisd
atmosphere 1s shown in figure 5. The contalning vessel A was & 600 -
milliliter beaker, the 1lip of which had been removed by means of a

glass cutting wheel. ' The copper rotor B, l% inches in diameter and

1 inch in length, was fitted tightly by means of an arbor press onto
a steel shaft C, 1/2 inch in diemeter and 7 inches in length. The
steel shaft C passed through a sleeve in the large rubber stopper D
and was attached to the chuck of a drill press E. A gas-tight fit was
obtained at the bearing surface by slipping a small piece of rubber
tubing F over the sleeve and shaft and lubricating the turning surface
with silicone grease- The copper sphere G was clamped in the yoke H
by means of two set screws which fitted into small holes in the
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crystal. The long, %—mch-diameter sidearm J to the yoke H fltted through

the long, tight-fitting sleeve K, and the helight of the crystal was regulated
by means of the set screw ring L. The force with which the sphere presszed
against the rotor was adjusted by veryling the load M. The force was applied

to a sidearm, shown In the dilagrem as a dashed circle at the top of the
shaft J. Gas entered the. vessel through N, passed through the liquid and
out through P. Alr was prevented from diffusing back lnto the system by
operating under a slight poslitive pressure. In order to protect the rubber
stopper fram the action of the oil, 1t was palnted with Dow Corning DC 933
high temperature insulating vernish and cured for several days slightly
below 1000,

Dissolved oxygen was removed from the white mineral oll by heating the
oll to 1&° and bubbling hydrogen through the liguid. A slow stream of
hydrogen was passed through the system until the oil was transferred to
the apparatus. Prior to an experiment it was necessary to expose the oil
to the alr during the process of pouring the oil from an Erlenmesyer flask
into the apparatus. The oll was slowly poured down the sides of the vessel
to prevent undue admixture with the alr by splashing, and the system was
Inmmediately flushed out with hydrogen.

The rotor was plated with lead 1n the same menner as described under
INFLUENCE OF CRYSTAL PLANE ON WEAR THROUGH A FIIM (F LEAD BY A COPPER
CRYSTAL ROUGHENED BY ETCHING IN STEARTC ACID. The thickness of lead was
approximately 0.0005 inch and the rotor was operated at 77 rpm.

Results

Electrolytically polished polycrystaelline sphere.~ In alr the rate
of wear umder all thrusts was gquite slow, varying In the range of 20 to

35 minutes for the first appearance of copper under a thrust of 2000 grams
to 3 to It hours under a thrust of 400 grams vhereas no signe of copper were
vieible after 6 hours at 200 .grams. At the commencement of a run the
sphere pushed aslde some lead to form a smooth, clsan lead wear streak, but
within 1 minute the streak had become discolored and the lead wearing suvr-
face passed through the colors red, blue, and purple and finally assumed

a dark gray to black colors. During the cowrse of the run the copper rode
on the colared swface and a continual clovd of tiny black particles poured
from the wear streak. After some time a tiny spot of copper appeared near
the center and the spot grew Into a fairly even fine line of exposed

copper wirlch ram all around the rotor. The streak would generally widen
wlth contlnued wear. In same instances the process was not gquite so

gimple and the first few spots of exposed copper on the rotor were smeared
over with lead on subsequent revolublons.

In hydrogen no colored films formed on the wear streak during the 3
experiments. The first-signs of copper were visible in about 30 seconds
under a thruast of 2000 grems and in about 1 to 2 minutes under a thrust of
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400 grems. In less than 1 minute after the first signs of copper were
viglble, the entire wear streak contained a small line of exposed copper.

The results showing the effect of atmosphere .on the rate of wear are
listed in table III. The rate of wear of the lead-plated rotor by an
electrolytically polished copper sphere under different conditions of load
and atmosphere is shown in figure 7. The resulte also apply to the rates
of wear of & (111) face of copper previously etched in stearic acid, since
the etched (111) face and an electrolytically polished swrface gave
identical resultse

TABLE IIT

IFFECT OF ATMOSPHERE ON RATE (OF WEAR OF A LEAD
PLATE BY COPPER IN WHITE MINERAL OIL

w Minutes necessary to give
Wearing swrface () | Firet sign of exposed copper
g In alr In hydrogen
Polished polycrystalline 200 Greater than 3600 «—===--
Polished polycrystalline 400 180 to 240 1+t%02
Polished polycrystalline 2000 20 to 35 0.5

MISCELTANEOUS EXPERIMENTS
Influence of Crystal Plane om Recrystallization

during Heating and Rapid Cooling

An electrolytically polished crystal of copper was heated to an
orange-red color in the oxidizing flame of a bunsen burner and immediately
dropped through a height of 2 feet into an 8~inch colum of water. The
crystal was covered with a thin black coating which scaled off in irregular
spotse After standing at roam temperature for 40 howrs, it was mechani-
cally pollshed and then electrolytically polished for 20 minutes. It was
electrolytically etched for 5 minutes and the custamery etch pattern was
obtalned except thet many small crystals had formed in square regions at
each of the (100) poless At this depth of etching no mmall crystals were
visible in the other reglonse. The crystal was sawed in half by means of
a Joeweler's saw and the flat was mechanically polished, electrolytically
polished, and electrolyticelly etched. After Inspection under the micro-
scope, 1t was estimated that the polyerystals extended to a depth of aboub

1 millimetere.
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Effect of Sunlight on Atmospheric
Tarnishing of Copper Crystals o N o

Several experiments were conducted on the atmospheric tarnishing of
copper single crystals in the presence and absence of direct sunlight. The
results may be briefly sumerized as followse.

Advanced preferential tarnish films formed in 3 to 4 days when
crystals were suspended in direct sunlight outside the laboratory window.
Previous amnealing in hydrogen at 550C had no appreciable effect on the
rate. Tarnishing always occwrred most rapidly on the side of the sphere
wvhich was exposed to the dlrect sunlight. A crystal suspended 1n the
leboratory with no access to direct sunlight tarnished in 40 days to the
seme extent as crystals exposed to direct sunlight in 3 to 4 days. The
tarnish films formed preferentially with crystal plane but by no means as
gtriking as crystals exposed to direct sunlight. Crystals exposed to sun-
light behind & pene of glass elther inside the laboratary or outside the
laboratory window tarnished in a very preferentlal memner and at a rate
which was intermediate between tarnishing in direct sunlight and tarnishing
with no access to direct sunlight.

DISCUSSION OF RESULTS : ;

This discussion should be considered fram the viewpolint of first: :
obtaining informatlion on the most elementery system and then worklng L
toward systems of increasing complexity. -

STATIC FRICTION _ i

The coefficient of statlic friction bebween metals in alr ls generally
below l. Shaw and Leavey (reference 2) obtalned coefficients of statlc
friction as high as 2.3 for copper and 3.1 for aluminum when the metals
were annealed in a vacuum and the measuremsnts cerried out in a vacwum.
Holm and Stormer (reference 3) found that powerful adheslon occurred
between metals heated to a high temperature in a good vacuum. The
adhesion wss maintained in the presence of a rare gas, hydrogen, and
nltrognn, but disappeared on the introduction of oxygen. Bowden and
Hugheg (reference L) obtained coefficients of dynemlc friction near 5 for
metals heated to a high temperature in a good vacuum. The hlighest value
was 30, which was obtained for gold sliding on gold at 600°.

When one crystal sphere stending in air was placed in contact with
another, the coéfficilent of stabic frictlon wan below 1 and only a very
faint scrassch could be seen on the lowur surface. Apparently the top



NACA TN No. 1461 ] 23

crystal rode along on a film of oxlde and no appreclables metal-to-metal
contact was obtained.

In attempting to measure friction between bare metals, it should be
emphasized that the ardinsry methods of cleaning a swurface and heating in
e vacuum 4o not remove the protective layer of oxide unless the heating is
carried out at a sufficiently high temperature to cause evaporation of the
metal. Heating In a vacuum may cause some of the oxide to dissolve in the
metal or to evaporate but the amount of oxide remaining on the surface is
st1l1l unknown. In fact there is no completely satisfactory method of
obtaining a clean metal surface free of both cxide and adsorbed gas.

The best that can be done at present is to approach as closely as
possible to a clean surface, specifying the method of preparation and
teking into consideration in the interpretation the possible influence
of contaminants. .

Since the glass appearatus used in the friction measurements must be
opened frequenitly for setting and repolishing the crystals and since the
gimplest method of applying a load to the top crystal wes by means of a
shaft extending through the walls of the vessel, 1% was not attempved to
carry out the measurements in a high vacuum, but the simple apparatus as
described was used. It is hoped to supplement later the present measure-
ments wlth those made between surfaces which have been heated by electrical
induction until evaporation of metal 1s obtained. As previously described,
two methods were used in obtalning an approach to metal-to-metal contact.
The first method consilsted in heating the crystals, not in contact, in
hydrogen at gbout 500° and then cooling to room temperature in hydrogen
and placing in contact. It 1s assumed that heatlng in hydrogen gives an
oxlde-free surface and that hydrogen does not form a compound with copper
but only an adsorbed film. However 1t should be emphasized that the '
exact chemical effect of hydrogen on copper, Or on any metal, is not
definitely estaeblished, especially as far as the influence which the
adsorbed. film hag on metal-~-to-metal contact. - Any gas which can give the
high heat of adsorption on tungsten as found by Roberits (reference 5) and
the striking gas-structure effects on nickel as found by Davisson and
Germer (reference 6) in electron diffraction experiments should not in
the final snalysis be considered an lnert gos or as one giving a bare
metal surface. In this first method the oxide film formed by standing in
alr was reduced, and the water vapar produced was carried off in the
excess hydrogen which was passed continuously through the apparatus. The
final surfaces were always covered with a film of hydrogen. I urthermore,
as the crystals cooled down to room temperature, before being placed in
contact, thelr swfiaces may have been slightly oxidized by oxygen from
two sources: (1) as an impurity in the hydrogen purified by passing
over a long tube of hot copper, and (2) from diffusion of a small amount
of air into the apparatus through the small space hetween the shaft and
the neck of the ground-glass Jolint. Diffusion was reduced to a small
amount by having a repld stream of hydrogen pass oubtward through this
space. Anuother dlfficulty in thls method was the variation in the force
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with which the two crystals were placed in contact. However, with this
method, the horizontal pull required to dlsengage two crystals placed in
contact along the (100) face was on the average definitely higher than
that required along the (111) face. The failurs to obtain satisfactory
reproducibility was attributed to the possibllity of glight oxidation and
to the variation in the force with which the crystals were placed in
contacte.

In order to remove the poseiblility of the formation of a thin oxide
film, the two crystals were first placed In contact, then heated in
hydrogen and cooled to room temperature before the measurements were made.
This methodl had the further advantage that the two crystals were pressed
together always wlth the same force, equal to the weight of the upper
crystal, as the thin oxide film was reduced and metal-to-metal contact
established. It had the disadvantage of placing the metals in contact at
5000 at—the same time that reductlon took place, thereby giving the atoms
additional mobility and possibly increasing the weldling action. However,
both the (100) and (111) faces received the seme treatment so that the
results should be comparable. Furthermore, results of the same arder of
magnitude were obtained when the crystals were placed together after
heating In hydrogen and cooling as when placed together before heating
end cooling, except that in the latter case the resultis were more .
reproducibles

A source of difficulty in both methods was the setting of the two
crystals so that the plane of the flat face on the lower crystal and the
directi-n of pull were accurately in the horizontal plane. The digging-
in 18 mreatly I1nfluenced by the force normal tu the surface, and 1f the
direction cfpull is eglightly downward relatlve to the flat face, the
comprnent cf the force normal to the face wlll be appreciable when the
total pull is above 500 grams. In these measurements the apparatus was so
arranged that the direction of pull was slightly upward, by an angle of
2° to 3°, to the flat surface. '

Ag shown In table I the coefflcient of static friction as determined.-
by this second method was over 100 for palrs of (100) planes and approxl-
mately 25 for pairs of (111) planes. The term ccefficient of frictiom
a8 used hereln should be qualified somewhat, since the process in the case
of (100) faces seems to—consist of several consecutive steps as described
in the followlng explanation of the reason for the greater friction on
the (100) face.

It has been known that when & copper sl crystal was placed under
sufficient stress, slip occurred . along the (111l) planes, vhich are the
planes having the greatest denslty of atoms and are consequently the
farthest apart. When flat (111), (100}, and (110) faces of copper and
silver crystals were punched or scratched with a steel pin, it was found
in these experiments that very striking slip lines were observed on the
gurface adjacent to the scratch. The electrolytic method of pelishing
the surface makes these lines especially striking. On the (11ll) planes
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three sets of slip lines make angles of 60° with each other, and on the

(100) planes two sets make angles of 90° with each other. Elam (reference T7)
states that in tenslle tests on copper single crystals the greatest movemsnt
occurs by slip along the (111) planes. In the friction experimsnts described
in this report striking slip lines making angles of 60° on the (111) faces
and 90° on the (100) faces were visible.

As indicated by slip lines, all four sets of (111) planes are involved
during friction measurements along either (111) or (100) faces. On =
(111) face there are three (111) planes which make angles of 710 wlth the
surface and one (111) plane which ism parallel to the swurface. Since the
minimim stress is regquired to cause shear along the (111) plane, it would
be expected that friction would be least along the (111) face. Iittle or
no tendency to dig in would be expected, and this was borne out by these
experiments.

On a (100) face four sets of (111l) planes mske angles of 55° with the
surface, and one set of (111) slip lines is at right angles to the direc-
tion of pull and another set is parallel to the direction of pull. When
the force was applied to the upper crystal, stress was applied to the
metal in and adjacent to the welded Jjoint. The weight of the crystal
acted down and the pull acted horizontally. A slight movement took place
as the metal sheared downwerd and upward along (111) planes. Because of
this shearing motion along a plane not parallel to the surface the top
crystal dug into the bottom one. The area of contact was increased, and
an interlocking of the steps thrown up on the surface was apparently
obtained. This effect is anslogous to rubbing together the ends of two
stacks of cards, the plane of one stack of cards belng slightly inclined
to the other. The increased area of contact and interlocking of the sec-
tions Increased the resultant friction. On the other hand the action
which takes place when two (111) facee are in contact is analogous to the
sliding of one stack of cards over another when the faces of the cards
are in contact and force 1s exerted parallel to the plane of the cards.
In the case of friction along the (100) faces the shearing and interlocking
may explain the initlal slight movement and final fallure to be dislodged
at 4000 grams. The larger groove seen under the microscops in the case of
the (100) Paces confirms the interlocking and greater area of contact in
this case.

In the case of polycrystalline surfaces, when the crystals were heated
to 520° in contact in hydrogen, the coefficients ranged from 36 to 56,
vhich range is intermediate between the low values for (111) faces and
the high values for (100) faces. This variation seems reasonsble since
the orlentations of the grains in contact would vary with each run. The
coefficlents never reached the high values attained for (100) faces, but
thie 18 probably due to the fact that continued slip downward along
(111) planes was blocked by neighboring grains of different orientations
and the area of contact increased only a limited amount.
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The effect of oxygen in the experiments with single crystals was
striking. As previously emphasized, the coefficlient of friction of crystals
exposed to the alr was about 1. In this case the oxide film was not thick
enough to produce interference colors; this means that it was less than
LOO A. The fact that crystals placed in contact, after being heated in
hydrogen in order to remove the oxide film, gave coefficients of the same
order of magnitude as those heated in contact indicates that elther no
oxide film formed after heating in hydrogen or that it was so thin that
the top corystal cub through it and formed metael-to-metal contact. When
two crystals were first heated in contact in hydrogen at 520° and then
oxidized in air at 300° for 3 minutes, the coefficients were greatly reduced
compared with that for oxlide surfaces. The deep oxidation produced at this
temperature probably weekened the weld, and alsc the first slight movement
due to slip transferred the upper crystal to an oxygen-covered surface
vhere strong adherence was not obtained. In experiments in which the
crystals were placed in contact before being heated in hydrogen, the thick-
ness of the original oxlde film up to a certain point did not seem to
affect the coefficlents. The same results were obtained when the initial
oxlde film, before being heated in hydrogen, was of a thickness of 1000 A
or when it vas an invisible one formed by letting the cxrystal stand in air
&t room temperature.

It was Impossible by exemination with the microscope to determine
acourately the area of contact in the friction measurements since the com~
rlete outlines of the region were destroyed by the sliding of the upper
crystal. However, a falr estimate of the actual area in friction measure-
monts can be obtained from other experiments. In experiments concerned
with the vertical force required to disengage two crystals, the crystals
were placed togsther and heated in the seme manner as in the friction
experiments but the inltial regions of contact were not destroyed by the
8liding crystal. Therefore the reglons of contact at the start should be
roughly the same for the two types of experiment 1f the same load and type
of surface were used. In examining the regions of contact for the vertical -
force experlments, 1t appeared that continuous contact was established
throughout, and this wae confirmed by the fact that the tensile strength,
ap calculated from the vertical force and area of contact, wes of the same
order of magnitude as the strength of polycrystaelline copper (reference &) .
The area of contact could hardly have been greater than that defined by
the outside dimensions of the disrupted regions, and the strength of
annealed single-crystal copper would not exceed that of polycrystalline
material. Therefore it seems that continuous welding over the region
defined by a disrupted surface was obtained when the crystals were placed
in contact and heated by the method prescribed in both the friction and
vertical-pull measiwrements.

It was only possible to devote a relatively brief amount of time to
the vertical-pull experiments. They were carried out primsrily to obtain
information on the general order of masgnitude of adhesion between the two
dilfferent sels of faces 1n the frictlon experiments. A complete comparison
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cannot be made of the adhesion between crystals in the friction and
vertical-pull experlments since ‘the loeds pressing the crystals together
were 40 grems in the friction experiments and 75 grams in the vertical-pull
experiments. There was only a slight difference between the average values
of the vertical pull required to separate (100) and (111) faces. No grest
difference would be expected in terms of slip mechanism. As previously
pointed out, four sets of (111) planes intersect the (100) face at angles
of 559 and three sets of (111) planes intersect the (111) face at angles

of 7T1°. It would be difficult to calculate the difference in the vertical
forces required to disengage the two seis of crystals if a1l the possiblli-
tles for shear and for blocking of shear were taken into consideration.

Some information on the influence of temperature on the aree of contact
in the vertical-pull experiments was obtained. The tensile strength, or the
ratio of pull to ares of contact, remalned approximately the seme for all
methods of placing the crystals in contect. The areas of contact seemed
tec vary somewhat with the temperature at which the crystals were placed
together, being greatest when the crystals were heated in contact in hydrogen
at 5200, less when placed in contact at 300°, and still less when placed
in contact at room temperature after heating in hydrogen. Too much
emphasis should not be placed on this conclusion, since traces of oxide
entering the apperatus and oxidizing the surface slightly before the
crystals were placed in contact both at 300° and room temperature may have
played some part in the reduction of the area of conbtact. Undoubtedly
the Increased mobility at the hlgher temperatures was in part responsible
for greater areas of contact. Since the coefficilents of friction as
determined by placing the crystals in contact before and after heating in
hydrogen were of the same order of magnitude, it would appear that the
final area of contact in the friction measwrement was independent of the
temperature at which the crystals were placed together. This fact is in-
contradiction to the influence of temperature on area of contact in the
vertical-pull experiments, but the dlfference may be explained by the
possibility that in the friction msasuremsnts when the crystals were placed
together after heating in hydrogen, the initial area of contact was greatly
Increased by the first horizontal movement and by digging=-ine ’

The effect of heating in nitrogen crystals which had been slightly
oxldized by standing in air was to increase adherence appreciably. As
would be expected, the thicker the initial oxide film, the lower was the
adherence. ¥VWhen the film was thick enough to glve interference colors,
heating in nitrogen caused the loss of color. The increased adherence
was probably caused by loss of oxide due to partial solution in the metal
and to migration of copper atoms through the remaining oxide film due to
the increased mobility with high tempersture. The change in adherence
with the variation in thiclkmess of the oxide fi1lm suggests that up to a
certaln point adlrerence is dependent on the thickness of the contaminating
film through which the metal atoms must migrate. Although copper oxide
will evaporate from a copper surface heated in a vacuum at 500°, the loss
of oxlde when the crystals were heated in nitrogen at atmospheric pressure
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was probably duvue to-slight solution of the oxide in the metgl. Elam
(reference Q) has proposed that copper oxide at-high temperatures migrates
through messive copper by solution of oxygen in the metal and subsequent
appearance of oxygen on the surface as oxlde in another place.

It should be emphasized that the primary purpose of the experiments
described in this section on static friction was to determine wvhether
statle friction varied with crystal plane, and the greater part of the time
available wasg devoted to this specific purpose. The other experiments on
the measurement of-such guantities as the area of comtact and influence of
temperature were carried out to obtain only the order of magnitude of quan-
titles which would aid in understanding the mechanism of static friction,
and time was not avallable for a complete study.

WEAR

With the static-friction measurements serving as baslc experiments to
show the Influence of oxide film and crystal plane on the slmplest type of
friction, experiments were carried out to obtain a preliminary picture of
the influence of these factore on wear between rubbing parts.

The experiments on wear between two dry polycrystalline surfaces of
copper have shown that very strong adherence was obbtained between moving
parts when the oxide was removed. If the smallest amount of oxygen, too
small to be detected by ordinary methods, was present in the gas, the wear
wae greatly reduced, this result indicating that the welding action wes
prevented by a thin oxlde film. It is exceedingly difficult to remove &1l
oxide from metal suwrfaces and to malntaln them 1n a completely bare condl-
tion while measurements are belng made. In order to obtain a true plcture
of the processes of welding, friction, and wear, it is essential that
measuremente be made on completely bare metal surfaces. Additional
measurements of wesr between like surfaces and uwnlike surfaces should be
made In the range of room temperature to 200°.

The strong adherence between oxide-free surfaces must result fram the
same forces which cause solidiflcation and give rise to a definlte crystal
structure in the s0lid etate. The lack of adherence between oxide-covered
surfaces may be due to the following causes. Adsorbed gas may prevent
good adheslion, but this effect is expected to be small. The tensile
strength of the oxide is probably considerably less than thet of the metal
but is not sufficiently small to explain the poor adherence. The oxide
conslsts of two different kinds of atoms, and the chances of matching
rositions for & continuous lettice when the surfaces are placed together
are less then the chances with metal surfaces. The failure to match posi-
tions woull prevent strong adhesion. Since the oxlde formed from a given
amount of metal has a greater volume than the metal, the oxide ls strained
and, after an appreciable thickness is attained, probably becomes disengaged
from the metal.
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Roughness of the harder 'metal increases the rate of wear of the
softer metal in moving parts. It was shown in reference 1 that etching
by scame olls roughened some crystal faces and others remained relatively
smooth. One part of the present Investigation was concerned with the
influence of plane on the rate of wear throeugh a f£ilm of lead by a copper
crystal roughened by etching in stearic acid. A crystal given umiform
treatment in stearic acid caused wear in mineral oil at a rate vwhich was
dependent on crystallographic direction. Under a thrust of 200 grems the
rough (110) face wore through the lead film approximately 200 times faster
than the smooth (111) face which had a rate of wear about equal to that of
an electrolytically polished surface.

The results concerned with the influsnce of surrounding atmosphere m
the rate of wear through a £ilm of lead by a copper sphere showed that the
rete of wear in & lubricant free of dissolved oxygen was much greater than
the rate of wear in a .lubricant conbtainling oxygen. When the lubricant was
squeezed out and the surfaces came in contact, the oxide film acted as an
additional lubricant and wear preventive. ILead oxlide was worn away since
a continual cloud of tiny black particles streemed from the wear streak.
Bowsver, in the absence nf oxygen the particles which were removed from
the streak were of shiny lead and were much larger.

If the presence of an oxlde film plays a substantial role in preventing
metal-to-metal contact even in the presence of a lubricant, as these
experiments suggest, 1t would be expected that bearings made of silver,
gold, or platinum would be likely to produce seizure at elevated tempera-
tures because of the low decomposition tempsrature of their oxides.

MISCELLANEOUS EXPERTMENTS

A few miscellaneous preliminary resulis have been described. It is
slgnificant that a process such as recrystallization was influenced to &
depth of 1 millimeter by the orientation of the metal at the surface.
Additional experiments must be conducted to obtain a satisfactory explana~
tion of this effect. Since the crystal was heated in an oxidlzing flame
and the (100) face on which recrystallization took place is the face
vhich oxidizes the most rapidly, 1t seems that oxidatlon may be a control-
ling factor. It is interesting in the elsctrodeposition of copper onto &
corper crystal from & copper sulphate-sulphuric acid bath that polycrystals
formed on the (100) face at medium current densities whereas the deposit
in other reglons was monocrystalline. This process of recrystallization
may be important in machinery in which metal under a strain and exposed
to corrosive gases 1is heated and cooled rapidiy.

The influence of sunlight on the oxldation of copper crystals suggests
that ultraviolet light accelerates oxidation. Evidence for this is glven
by the fact that the rate is reduced on the shady .side of the crystal and
also on a crystal placed behind a plece of ordinery glass. The influence
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of sunlight on & crystal placed in a quartz vessel will be determined.
The exact role of water vapor should also be investigated. These experli-
ments are of interest in connection with an understarmding of the mecha-
nism of oxidation.

CONCLUSIONS

The relation of the strictly chemical results reported in NACA TN
No. 1460 to the processes of friction and wear should be considered. . o
It was reported that the rate of—a number of chemical and electrochemical
reactlons with a large number of metals varied with crystal plane. The
influence of the surrounding atmosphere on the oil-metal interface was
also shown to be great.

The experiments described in NACA TN No. 1k60 especially showed
that invisible fiims of oxide greatly affected both chemical and physical
processes. These oxide films have generally been considered as unavold-
able, and little attentlon has been paid tu—thelr real significancs.

The role of these films 1s further complicatwd by the fact that thelr
raete of formatlon varies with plsne. When all oxide was removed, values
were obtalned for static frictlon between single crystals of copper
which were conslderebly higher than any prieviously reported, and the
static friction was found to vary greatly with plane. The rate of wear
between two dry polycrystalline surfaces reduced in hydrogen was very
great, beling decreased nine hundredfold at- 300° when the metal was
exposed to an atmosphere contalning only 0.2 percent oxygen in nitrogen.
Similarly when & copper sphere wore through a lead film in mineral oil
at room terperature, the rate was 200 times faster in hydrogen than In
air. The rate of wear due to roughness caused by etching varied with
plane. These few results so far obtalned indicates the great effect
which crystal plane and thin films of oxide can have on friction and
wear. A very low concentration of oxygen in the surroundlng atmosphers,
in the neighborhood of 1 percent, was effective in these experiments in
preventing high values of-frictlon and wear. Since most frictlom and
wear experiments are carried out on surfaces from which the oxlde films
have not been completely removed, these resulis indicate that oxide
films are responsible for a greater part of total lubrication than 1s
generally reallized. No information is now avallable in the literaturs
on the influence of crystal plane on frictian and wear, and a very
small smount of information is availlable on the influence of oxygen and
oxide films. d .

A few statements of opinion regarding the general significance of
these studies wilith single crystals seem to be Justifled in thie sectlon.
The first statement has to do with the necessity ofobtaining basic
information on a numbér of processes before any one particular surface
process can be fully understood. The second is concerned with the
practical uses to which the information already obtained may possibly
be put. - —-

\

T
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The experience obtalned in this investlgation has definitely shown
that before any one particular surface process can be Ffully understood,
& number of processes must be understood. For exampls, friction and
wear are dependent on oxide films formed on metal surfaces- The rate of
formation of an oxlde film appears to be dependent on the processes of
diffusion and electron transfer. Electron transfer in turn is dependent
on elsctrical conductivity of the oxide and on emlssion of electrons.
Thus & true understanding of frictlon and wear may be dependent on an
understanding of the behavior of electrons at metal surfaces. A study
.of the manifold properties of the unlt crystals offers an excellent
opportunity for the correlation of many apparently unrelated processes.
Full adventage has in no way yet been 'ba.ken of the possibilitles of
thls method of study.

As regards the practical use of the information already obtained,
it should be emphasized that the primary purpose of these studiles was to
obtain information on the mechanism of surface processes. At the same
time 1t was Intended to determine, insofar as studies of thls type would
allow, the possibilities for reducing corrosion, friction, and wear on a
pra.ctical scale by a control of plane and a.tmosphere. Since only a few
glmple types of friction and wear have been studied, 1t still cannot
be clalmed that they could be reduced on a practical scale by a control
of plane and gas, but 1t has now been shown that oxidation, corrosion,
wetting, electrochemica.l brocesses, and a few types of friction and wear,
all processes which are important to lubrication, vary in rate with both
Plane and nature of the surrounding gas. Therefore, the possibilities
appear to be promising, and further experiments involving various combi-
nations of the aforementioned processes with control of plane and atmos-
Phere seem Justified from a practical standpoint. At the present tims,
as previously pointed out in NACA TN No. 1460, the only deliberate case
of Industrial control of crystal face at surfa.ces 1s the addition of
thilourea to obtain a very smooth copper electrodeposit. It was found by
X-rays that the surface crystals were orilented, with the (100) planes
parallel to the surface. As regards the influence which control of
atmosphere may have on friction and wear, it appears from these experi-
ments that the beneficlel effect of oxide in reducing friction and wear
is obtelned from the first few percent of oxygen in the surrounding gas
and that all oxygen in excess of this small amount largely increases
corrosion without helping in other ways. o

School of Chemistry
University of Virginis
Charlottesville, Va., November 23, 1945
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Figure 1,- Static-friction apparatus.
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Figure 2.- Vertical-puil apparatus
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Figure 3.- Wear apparatus. Controlled atmosphere, high temperature.
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Figure 4.-‘ Wear apparatus open to air.

Figure 5.- Wear apparatus. Controlled atmosphere.
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Figure 6.- Wear through a lead-plated rotor by & single crystal sphere of copper

Stearic acid and air at 1859 C. Lead thickness, 0,0005 inch; load on sphere,
speed, 77 rpm; rotor diamster, 1.5 inches,
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Figure 7.~ Effect of atmosphere on rate of wear through a lead #f{lm by an electropolished copper sphere.

T9FT "ON N.IL VOVN




